A super class-AB bulk-driven (BD) operational transconductance amplifier (OTA) with improved slew rate (SR) is presented. The proposed OTA utilises bulk flipped voltage follower for the BD input stage and a nonlinear current mirror for the active load to enhance the SR of conventional BD counterpart. Both the traditional and the proposed OTA, have been simulated on the UMC 180 nm process, and results show that the proposed BD OTA achieves a 350% SR enhancement with only 25% increased power dissipation compared with the conventional one.
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Introduction: The reduction of supply voltage has led to the bulk-driven (BD) operational transconductance amplifier (OTA) being preferred over the gate-driven counterpart since it can achieve a rail-to-rail input operation [1] . While in applications such as switched capacitor circuits for driving large capacitive loads, a fast settling response is necessary, a high slew rate (SR) and a large unity-gain bandwidth (GBW) are required [2] . Owing to the smaller bulk transconductance (g mb ), some techniques have been introduced to enhance the effective transconductance of BD OTAs, leading to an improvement of GBW [3] [4] [5] . In [3] , the positivefeedback technique is adopted to form a source degeneration differential pair to enhance transconductance. Whereas in [4] , the auxiliary differential pairs are employed to deliver the input signal to the gate terminal to improve the effective transconductance. In [5] , the current recycling technique utilises two signal paths to conduct small signal current, leading to a boost in transconductance. Although the presented techniques improve the GBW of BD OTAs, the enhancement of SR has not been involved, which is as important as transconductance.
In this Letter, a super class AB BD OTA with improved SR is presented. A bulk flipped voltage follower (BFVF) is employed to implement the adaptively biased BD input stage [6, 7] and the nonlinear current mirror [8] is utilised for the active load, resulting in significant SR improvement over the traditional counterpart.
Proposed super class-AB OTAs: Fig. 1 shows the conventional BD OTA, in which the input differential pairs M1(N ) are BD transistors to improve the input common voltage range. Neglecting channel length modulation, the drain current of a BD transistor working at the saturation region is approximately,
where n is the slope factor and other parameters have their usual meaning. The current mirrors transistors M2(N ) maintain the drain voltage of the M1(N) constant. The slewing behaviour would occur when a large input signal is applied. The tail current I B enters one of the input pairs, and is then amplified by current mirrors M4:M2 with a factor of K to the output node. The maximum output current is KI B , and the SR is limited by the tail current of the input stage.
To resolve this issue, the proposed super class AB BD OTA is shown in Fig. 2 . It adopts an adaptively biased BD input stage and a nonlinear current mirror to significantly improve the SR. The proposed adaptively biased input stage is composed by matched input differential pairs and two cross-coupled BFVFs. The BFVF is implemented by a current source I B , a diode-connected transistor M9 and a BD transistor M8 matched with input pairs M1(N). Owing to V BS8(N ) = V BS1(N ) , the quiescent bias current of M1(N) is set by the current I B . When the slewing happens, supposing V in+ has a large negative step, the source voltage of M8 also decreases at the same amount. Owing to V in− keeping constant, the source voltage of M8(N) still remains unchanged. This leads to the current through M1N decreasing down to zero and the current through M1 increasing up to a large value, enabling the BD input stage to operate at class-AB. Since the BFVF has large current source capability, the maximum dynamic current through M1 could achieve a large value. Assuming all transistors are in the saturation region, the maximum output current provided by the proposed input stage is approximately,
where I M1 is the current through transistor M1. Note that the maximum output current is boosted proportionally to V 2 BS , and not bounded by tail quiescent current I B . At the same time, since the input signal is also applied to the source terminal of the input pairs, and the effective transconductance (G m ) of proposed BD input stage can be expressed as,
where g mb1 is the bulk transconductance of transistor M1. Note that the G m of the proposed input stage is twice that of the conventional BD counterpart, also leading to improvement of GBW. The quiescent output current of the current mirrors is I out = K(I B + I MB ) and the ac small signal equivalent transconductance is 2 Kg mb1 . While the slewing occurs, a large current generated by the input stage is injected into transistor M2(N ), forcing it into the triode region. At this time, the output current has been change as
where V DS2 is drain-source voltage of M2. Therefore the SR can be given as
Note that the SR enhancement of the proposed OTA is proportional to Fig. 3 . The GBW of the proposed OTA is enhanced by 120% over that of the conventional OTA with 25% increased power. The dc gain is also improved because of enhanced transconductance. Fig. 4 shows the large signal transient response of the two OTAs. Both OTAs are configured as voltage follower, and a large step of 0.8 Vpp at 0.25 MHz is applied. The average SR of the proposed OTA is 3.95 V/μs, which is an improvement of almost 350% compared with the conventional BD counterpart. The current boosting factor, defined as the ratio of maximum output current to bias current in the input pairs (BF = I omax /I B ), shows that the proposed OTA significantly improves the SR over the traditional counterpart. The key parameters of the two OTAs are listed in Table 1 . Conclusion: This Letter presents a super class-AB BD OTA with improved SR. The BFVF and nonlinear current mirror are utilised to enhance the SR of the conventional BD counterpart. Results show that the proposed BD OTA achieves a 350% SR enhancement with only 25% increased power.
